Experimental results on the interaction of two vesicles of similar dimensions and geometry freely suspended in a simple shear flow are presented. Further, the dynamics of a single vesicle surrounded by many vesicles, and the rheology of concentrated vesicle suspension are also studied. The vesicle interaction leads to large fluctuations of fluid velocity and the vesicle inclination angle, φ0. Although the functional dependence of φ0 in the tank-treading motion and in the transition curve to tumbling motion is preserved. Dependence of suspension viscosity on the viscosity contrast shows an unexpected transition from droplet to vesicle behavior. PACS numbers: 87.16.Dg, 47.60.+i, 87.17.Jj Growing interest in the dynamics of a single lipid vesicle freely suspended in a shear flow appears in numerous theoretical [1] [2] [3] [4] , numerical [5] [6] [7] [8] , and experimental [9] [10] [11] [12] [13] studies. Understanding of single vesicle dynamics in a shear flow yields predictions on the rheology of a dilute vesicle suspension where the vesicle interaction is negligible [3, 4] . Thus, theory predicts that the vesicle solution viscosity reduces with increasing viscosity contrast, λ = η in /η out , defined as the ratio between the viscosities of inner, η in , and outer, η out , fluids [3, 4] . This is in contrast to liquid droplet suspension behavior, where the viscosity is found to be an increasing function of λ [14] . This difference in the rheological behavior occurs due to the tank-treading (tt) membrane motion and the variation of the inclination angle of non-spherical vesicles in a shear flow. Changes in the vesicle suspension viscosity due to the transition from tt to tumbling (tu) motion in single vesicle dynamics were not considered, while elastic stress dependence on λ was discussed in [4] . Understanding the rheology of concentrated vesicle suspensions requires knowledge about the hydrodynamical interaction between the vesicles that can strongly alter vesicle dynamics and suspension rheology. To the best of our knowledge, this difficult and complex multi-particle problem has not been addressed so far.
PACS numbers: 87. 16 .Dg, 47.60.+i, 87. 17.Jj Growing interest in the dynamics of a single lipid vesicle freely suspended in a shear flow appears in numerous theoretical [1] [2] [3] [4] , numerical [5] [6] [7] [8] , and experimental [9] [10] [11] [12] [13] studies. Understanding of single vesicle dynamics in a shear flow yields predictions on the rheology of a dilute vesicle suspension where the vesicle interaction is negligible [3, 4] . Thus, theory predicts that the vesicle solution viscosity reduces with increasing viscosity contrast, λ = η in /η out , defined as the ratio between the viscosities of inner, η in , and outer, η out , fluids [3, 4] . This is in contrast to liquid droplet suspension behavior, where the viscosity is found to be an increasing function of λ [14] . This difference in the rheological behavior occurs due to the tank-treading (tt) membrane motion and the variation of the inclination angle of non-spherical vesicles in a shear flow. Changes in the vesicle suspension viscosity due to the transition from tt to tumbling (tu) motion in single vesicle dynamics were not considered, while elastic stress dependence on λ was discussed in [4] . Understanding the rheology of concentrated vesicle suspensions requires knowledge about the hydrodynamical interaction between the vesicles that can strongly alter vesicle dynamics and suspension rheology. To the best of our knowledge, this difficult and complex multi-particle problem has not been addressed so far.
In this Letter, we present the first experimental study of the interaction of two vesicles of similar size and shape freely suspended in a simple shear flow as well as the dynamics of a single vesicle surrounded by many other vesicles, as well as the rheology of the concentrated vesicle suspension.
Measurements of the vesicle dynamics were conducted in a near-wall shear flow at a half-height of a microchannel via epi-fluorescent microscopy in the setup identical to that described in Ref. [11] . We conducted experiments with giant unilamellar vesicles (GUV). The vesicles were prepared by electro-formation method [15] . The lipid solutions, consisted of 85% DOPC (Sigma) and 15% NBD-PC(fluorescent lipid, Molecular Probes) dissolved in 9:1 v/v chloroform-methanol solvent (1.8mg total lipids /ml), or DOPC in the solvent (1.5mg/ml) were used. The inner fluid, in which the vesicles were swollen, (a) glucose(monohydrate)-water solution (5.5% w/w) with 500 or 2000 kDa molecular weight dextran (5.5% w/w) (of glucose-water) added to increase the fluid viscosity, (b) sucrose-water (9.3%), or (a)+(b) were used. The viscosity contrast for values other than unity as well as higher vesicle concentration were achieved by a gentle centrifugation in order to wash out the outer medium and replace it by a glucose-water solution (5.5%) of the same osmolarity and lower density. The outer fluid (a), (b) or (a)+(b) were added to achieve the desired viscosity contrast and to compensate gravity. For the vesicle dynamics measurements in a concentrated vesicle solution, the suspensions of 10-20% of fluorescent vesicles to 80-90% of non-fluorescent (pure DOPC membranes) vesicles were used. The total vesicle volume concentration was 25% for measurements of the vesicle dynamics and 15% for rheology. Here the vesicle volume concentration, H, is defined as volume of the vesicle sediment to volume of the suspension, which is analogous to hematocrit that means that a final vesicle concentration in suspension is a bit less. The rheological measurements were carried out on a viscometer Vilastic-3 and a rheometer Rheolyst AR 1000-N at the controlled temperature 22.8
• C. The first experiment was conducted to study a vesicle pair interaction in a shear flow in a tt regime (Fig. 1a,b ). Some guidance in these studies we obtained from numerical simulations on dynamics of interacting drops [16] and capsules [17] in a shear flow. For a pair of capsules two objects are distinct due to presence of a thin elastic membrane capable of sustaining elastic and shear stresses but devoiding of bending elasticity. During the interaction process, the flow vorticity kept the membrane rotating around the inner fluid. For vesicles we observed relative center mass trajectories (Fig. 1c) for several vesicle pairs with λ = 1 at different values of the dimensionless shear rate, χ =γη out R 3 /κ, which were rather similar to those found in the numerical simulations [16, 17] . Hereγ is the shear rate, R is the vesicle effective radius related to its volume via V = 4 3 πR 3 , and κ is the membrane bending rigidity. χ plays the same role as the capillary number Ca in the case of droplets and capsules where the bending rigidity is replaced by either surface tension or surface shear modulus, respectively. In all three cases either χ or Ca determine the degree of deformation of the objects under the shear flow. Hydrodynamical interaction causes a visible vesicle deformation at a nearcontact position and leads to increasing vertical distance between the centers of mass (Fig. 1a-c) . The vesicle separation after scattering increases as an initial separation decreases, though its dependence on χ and λ was not studied. A remarkable correlation in angular deviation from the stationary angular inclination of both vesicles in a pair during the scattering is presented in the inset in Fig. 1c .
As the result of the vesicle pair interaction and an uncorrelated tt membrane motion of many vesicles in a concentrated suspension, fluctuations of the vertical component of the flow velocity increase dramatically withγ. The origin of this growth lies in the a proportionality of tt velocity to the shear rate. At smaller λ, the tt velocity is larger, so the velocity fluctuations become larger (Fig.  2) . The velocity fluctuations result in a drastic increase of fluctuations in the vesicle inclination angle, ∆φ. Remarkable, that the angle fluctuations are independent of the shear rate, and can reach up to the order of magnitude larger than the angle fluctuation due to thermal noise. Here we introduce the dimensionless shear rate ζ ≡ χκ∆ 1/2 /k B T to compare with [10] (See inset in Fig.  2 ), where ∆ = S/R 2 − 4π is the excess area, which exceeds that of a sphere with the same volume by ∆. Detailed studies of noise statistics of the vesicle inclination angle in the suspension flow show that probability distri-bution function of φ is Gaussian based on approximately 500 samples. The independence of ∆φ on the shear rate can be explained in the same way as the independence of φ 0 ofγ: similar to an equation for torque balance, where all terms are proportional toγ (see, e.g., [2] ), the dependence onγ cancels out in the equation for the balance of the torque fluctuations. The latter occurs due to the proportionality toγ of a secondary velocity field of tt membrane motion that is responsible for the observed velocity fluctuations of the shear flow. Thus either φ 0 or ∆φ are independent ofγ.
We conducted experiments on a single vesicle inclination angle as a function of the excess area, ∆, at various values of λ in a tt regime of the concentrated suspension using large statistics, similar to what was published for a single vesicle dynamics [10, 11] . In spite of much stronger noise, the measured dependencies averaged over a large ensemble are rather similar to those found earlier [10, 11] . However, the larger the value of λ, the stronger the differences in φ 0 compare to the single vesicle case. For a given ∆, at λ ≥ 4 the difference exceeds the rms of the noise (see inset in Fig. 3 ). In Fig. 3 the critical values of the viscosity contrast obtained from the data in the inset in Fig. 3 , λ c , at which a transition to tu occurs, as a function of ∆ are presented together with our early results [11] . It is obvious from the plot that the hydrodynamic interaction with other vesicles postpones the transition to tu, though the functional dependence remains the same. We would like to emphasize that the dashed curve presented in Fig. 3 is obtained by correction of the fitting (solid) curve for the former data taken from [11] by the factor η s /η out and is located about 10% higher than the corresponding fir to the current data. Thus, the delay in the transition to tu can be explained by the larger value of the effective viscosity of the concentrated suspension, η s , compared to the solvent viscosity, η out .
Above the transition curve two types of timedependent vesicle motion were found similar to those previously observed dynamical regimes of a single vesicle in a solvent [11] . In the dynamics of a single vesicle in a shear flow of a concentrated suspension, the tu and trembling (tr) motions occur randomly in time (see Fig. 4 ). On the other hand, all features of these flipping motions including the correlations of the shape deformations, determined via the deformation parameter, D = L−B L+B , and the angle changes are preserved in each single event. While outside the flipping events the angle variations are not followed by the shape deformations. Here L and B are long and short vesicle axes, respectively. Thus, in spite of the presence of strong noise in hydrodynamics and dynamics of vesicles due to their interaction in the concentrated suspension, a sequence of dynamical states in single vesicle dynamics as well as the functional dependence of the transition curve remain unchanged.
A next natural question is how this dynamical behavior is reflected in rheology of the vesicle suspension. Rheological measurements in a vesicle suspension of about H = 15% in a wide range of frequencies and shear rates (see the lower inset in Fig. 5) show first, that η s is independent of the both parameters, and second, the storage viscosity that defines the solution elasticity and the relaxation time of both a solvent and a suspension are about or smaller than a noise level. Thus, on the level of resolution of our measurements the rheological behavior of the concentrated vesicle suspension is Newtonian. The values of χ usually of the order of 10 or higher used in the experiment indicate that the viscous stress, ηγ is much larger than the normal stress defined as κ/R 3 . On the other hand, ηγ reaches at the most 0.1 Pa that is about an order of magnitude smaller than the resolution of our rheometer in the normal stress measurements. Besides simple estimates of the normal stress based on more accurate calculations presented in Ref. [4] give
Pa that is much below of the rheometer resolution. Here f (λ, ∆) is defined in [4] and we used κ ≃ 10 −19 J from [18], λ = 0.15, ∆ = 0.9, and R = 5µm to make a comparison with the experiment. We would like to point out here that we conducted our rheological measurements in tt regime, where vesicle deformations are negligible and so their influence on the elasticity. We found also technically almost impossible due to time limitation to get a large amount of a concentrated vesicle suspension at λ > 10 sufficient to run rheological measurements. The viscosity measurements in a cone-plate geometry at a constant rotation reveals two regimes in the dependence of the reduced suspension viscosity,η = (η s /η out − 1)/H, on λ with a transition between them at λ t ≃ 2.9 ( Fig. 5) . At the lower values of λ, a surprising growth ofη with λ agrees rather well with the theoretical expression for viscosity of a dilute droplet suspension [14] ,η = (1 + 2.5λ)/(1 + λ) (up to the numerical factor 0.9 due to the reduced packing factor of the vesicle sediment). This unexpected agreement can be explained by the following considerations. As follows from the plot in the upper inset in Fig. 5 , φ 0 only weakly depends on λ at λ ≤ 1 in a wide range of ∆ from 0.25 till 1.42. Besides, our measurements of statistical ensemble average of ∆ for λ < λ t reveal rather small variations. So, increase of λ up to λ t alters φ 0 rather weakly and so leads just to small variations in a flow resistance due to φ 0 . On the other hand, independent of a flow structure inside a vesicle, the larger λ, the weaker the inner fluid flow velocity and the largerη at the fixed φ 0 , and opposite. Thus, the larger λ, the stronger the flow resistance and the larger η. Similar dependence to the presented in Fig.5 was also observed in a blood flow, although at larger λ [19] . At λ > λ t ,η s becomes a decreasing function of λ that is consistent with the dependenceη = 5/2 − ∆(23λ + 32)/16π suggested in Ref. [3, 4] . Indeed, at a fixed value of ∆,η decreases with increasing λ due to decreasing φ 0 (and so decreasing a membrane tt velocity) and better alignment of a vesicle with the flow [1, 4, 10] . The effective viscosity reaches a minimum at λ = λ c ≃ 8 that corresponds to ∆ ≃ 0.25 close to that at λ = λ t . The last data point at the highest value of λ > λ c deviates strongly from the theoretical curve, probably due to a transition to either tu or tr dynamics. We thank V. Lebedev for helpful remarks and P. Vlahovska for enlightening communications. This work is partially supported by grants from Israel Science Foundation, Binational US-Israel Foundation, and by the Minerva Center for Nonlinear Physics of Complex Systems.
